Abstract. As they probe the skin for blood, sand flies inject saliva that prevents hemostasis. Sand fly saliva also promotes leishmaniasis by suppressing immunologic functions of macrophages. Saliva of Phlebotomus papatasi, the vector of Old World cutaneous leishmaniasis, contains adenosine and AMP. We show that Ph. papatasi saliva as well as pure adenosine down-regulate the expression of the inducible nitric oxide (NO) synthase gene in activated macrophages. In addition Ph. papatasi, but not Lutzomyia longipalpis, saliva inhibits the production of NO. Taken together, these data suggest that salivary adenosine is responsible for the down-regulation of NO synthesis. Saliva of both genera Phlebotomus and Lutzomyia contains significant levels of endogenous protein phosphatase-1/2A-like activity that is heat labile, inhibitable by okadaic acid and calyculine a, and does not require divalent cations.
The leishmaniases are sandfly-borne parasitic diseases affecting growing human populations in vast areas of the world. 1 Different forms of the disease characterize infections caused by distinct Leishmania parasites that are transmitted by different sandfly species. In the alimentary canal of phlebotomine sand flies, Leishmania develop as extracellular, flagellated promastigotes. They reproduce asexually and go through a series of developmental stages culminating in the production of infective metacyclic promastigotes that are inoculated into the vertebrate host's skin as the female sand fly sucks blood. Once in the skin, parasites rapidly invade macrophages and replicate as intracellular amastigotes. Their survival inside the phagolysosome is made possible by a number of strategies that subvert the scavenger functions of the macrophage and ability to react to activating cytokines. 2 Despite these immunomodulatory properties, experimental inoculations with low doses of parasites fail to cause cutaneous leishmaniasis in susceptible mouse strains and promote immunity instead. 3, 4 This finding is especially interesting since vector sand flies inoculate similarly low promastigote doses that produce cutaneous leishmaniasis. 5 Female sand flies salivate as they probe the skin for blood and continue to do so as they ingest their meal. All sandfly saliva types tested contain apyrase, an ATP/ADPase that inhibits platelet aggregation. Saliva from Latin American Lutzomyia spp. also contains a potent vasoactive peptide that causes local erythemas at the bite sites. [6] [7] [8] These components prevent hemostasis, thereby facilitating the location of blood vessels in the skin and assuring an adequate blood supply. Sandfly saliva was also shown to exacerbate cutaneous leishmaniasis lesions caused by several different Leishmania species. [9] [10] [11] [12] [13] While the underlying mechanisms are not entirely clear, several functions of sandfly saliva have been postulated. Phlebotomus papatasi saliva was shown to inhibit antigen presentation and reduce nitric oxide (NO) production by Leishmania-infected macrophages in vitro. 14, 15 In addition, Ph. papatasi saliva can shift the cytokine balance towards a Th2 response, thus favoring chronic Leishmania major infections in mice. 9, 16 Our understanding of the host-parasite-vector interactions would benefit greatly from deciphering the underlying biochemical and signaling mechanisms by which saliva exerts its influence on macrophages. One valid approach is the search for and identification of molecules in sandfly saliva that modulate cell-signaling mechanisms. Recently, we identified adenosine and AMP in Ph. papatasi saliva. 17 AMP is a known activator of certain eukaryotic protein kinases, while adenosine mediates a wide variety of cellular functions through its interaction with purinergic receptors. [18] [19] [20] [21] [22] In this study, we show that saliva of Old World (genus Phlebotomus) sand flies contains AMP and varying levels of endogenous protein phosphatase (PP)-1/2A-like activity. Saliva of the neotropical leishmaniasis vector Lutzomyia longipalpis, which apparently lacks AMP and adenosine, contains significant levels of PP-1/2A-like activity. We further demonstrate that adenosine is probably the factor in Ph. papatasi saliva that down-regulates expression of the inducible NO synthase gene (iNOS) and inhibits the production of NO in murine peritoneal macrophages.
MATERIALS AND METHODS
Sandfly rearing and collection of salivary gland lysate. Sand flies were reared as previously described. 23 Lutzomyia longipalpis, vectors of L. infantum in the neotropics, comprise a species complex with reproductively isolated populations. 24 Progenitors of the Lu. longipalpis colonies were collected near the towns of Liberia (Costa Rica I) and Brasilito (Costa Rica II) in Guanacaste Province in Costa Rica. Brazilian strains originated in Jacobina, Bahia State (Brazil I) and the Island of Marajó in the mouth of the Amazon River (Brazil II). Phlebotomus papatasi, vectors of L. major, were from Kfar Adumim near Jerusalem, Israel. Phlebotomus (Larrousius) pernicious, vectors of L. infantum, were from Murcia, Spain. Phlebotomus (Paraphlebotomus) mireillae were from the Nakuru district of Kenya. 25, 26 Salivary glands from 5-7-day-old sand flies were dissected and lysed as previously described. 27 Macrophages. Macrophages for use in PP assays were obtained from 8-12-week-old C3H/HeN female mice as described previously. 27 Mice were stimulated with 2.0 ml of 3% thioglycollate injected intraperitoneally. Four days later, peritoneal exudate cells were collected by peritoneal lavage using 10 ml of RPMI 1640 medium (GIBCO-BRL, Gaithersburg, MD), washed in Ca 2ϩ and Mg 2ϩ free Hank's balanced salt solution (HBSS), and resuspended in RPMI 1640 medium containing 10% fetal bovine serum (FBS). A total of 10 7 cells in 1 ml were seeded in 24-well plates and incubated at 37ЊC, 5% CO 2 , and 95% humidity for 90 min. Non-adherent cells were removed by washing the cells 3 times with ice cold HBSS containing 1 mM sodium vanadate. Adherent cells are hereafter referred to as macrophages.
Leishmania parasites. Promastigotes of L. major (strain MHOM/IL/80/Friedlin, V1) were grown in Schneider's Drosophila medium supplemented with 10% FBS, 2% human urine, 4 mM L-glutamine, and 50 g/ml of gentamicin at 26ЊC.
Preparation of lysates for PP assays. Macrophage lysates for use in PP assays were prepared as previously described. 27 Briefly, macrophages grown in 24-well plates were scraped off the plates, centrifuged, and resuspended in 0.5 ml ice-cold lysis buffer (20 mM Tris-HCl, pH 7.0, 250 mM sucrose, 20 mM KCl, 2.5 mM MgCl 2 , 30 mM ␤-mercaptoethanol, 2 mM EDTA,1 mM phenylmethylsulfonyl fluoride, 10 g/ml of leupeptin, 10 g/ml of aprotinin, 25% glycerol, 1% Triton X-100). The cells were left on ice for 30 min with occasional pipetting. Nuclear and cell debris was removed by centrifugation at 1,000 ϫ g for 15 min at 4ЊC, and the total protein concentration in the cytosolic fraction was determined by the Bradford method. 28 For preparation of Leishmania lysates, 7 ϫ 10 7 logarithmic-stage promastigotes were washed 3 times in phosphatebuffered saline and lysed in 0.5 ml of lysis buffer as described above for macrophages.
Protein phosphatase assays. Macrophages and Leishmania lysates prepared as described above were used at a concentration of 12.5 g/ml for measurements of PP activity using phosphorylase A as a substrate as described previously. 27 For measuring PP1/2A activity in saliva, salivary gland lysates in Ca 2ϩ and Mg 2ϩ free HBSS were mixed with the reaction buffer containing 100 M EDTA.
Reverse transcriptase-polymerase chain reaction (RT-PCR). For assessing iNOS gene expression, cultured murine peritoneal macrophages were activated by incubation for 8 hr with lipopolysaccharide (LPS) (10 g /ml) in the presence of adenosine, AMP, or saliva. Thereafter, total cellular RNA was extracted using the RNeasy RNA isolation kit (Quiagen, Hilden, Germany). Synthesis of the first strand cDNA and the subsequent PCR were performed using the Access RT-PCR kit (Promega, Madison, WI). Sense and antisense primers for the constitutively expressed hypoxanthine-guanine phosphoribosyltransferase (HPRT) gene and iNOS mRNA were located on different exons to facilitate detection of possible contamination by genomic DNA. 29 Two hundred nanograms of total RNA was used in 25 l of RT-PCR buffer containing 0.5 mM MgSO 4 , 0.1 mM dNTPs, 25 pmol of sense and antisense primers, 1.25 units of avian myeloblastosis virus RT enzyme, and 1.25 units of Taq DNA polymerase. Reverse transcription was carried out at 48ЊC for 45 min followed by 40 amplification cycles of 94ЊC for 2 min, 60ЊC for 1 min, and 68ЊC for 2 min in a thermocycler (Biometra, Göttingen, Germany). The PCR products were subjected to electrophoresis on agarose gels, stained with ethidium bromide, and the UV image was captured and analyzed using National Institutes of Health (Bethesda, MD) image computer graphics.
Nitrite analysis to measure NO production. Murine peritoneal macrophages were cultured in 24-well plates (10 6 / ml/well) with or without sandfly salivary gland lysate (2 gland equivalents). The effect of sandfly saliva on the accumulation of NO 2 Ϫ produced by cultured macrophages over a 24-hr period was determined in a microplate assay using Griess reagent. A total of 50 l of the culture supernatant were mixed with an equal amount of 1% sulfanilamide in 5% phosphoric acid and incubated at room temperature for 5 min. Thereafter, 50 l of 0.1% N-1-naphthylethylenediamine dihydrochloride in water was added and incubated for an additional 5 min. The absorbance at 550 nm was read using a microplate reader. The NO 2 Ϫ concentrations were determined using sodium nitrite as a standard. 27 
RESULTS
Salivary PP-1/2A-like activity in Phlebotomus species and Lu. longipalpis. Both murine macrophages and Leishmania promastigote cytosolic fractions exhibited PP1/2A-like activity by dephosphorylating ␥ 32 P-labeled phosphorylase a. Dephosphorylation was examined in the presence and absence of salivary gland homogenates from sand flies belonging to 3 subgenera in the genus Phlebotomus and 4 representatives from the Lu. longipalpis species complex. AMP in Phlebotomus spp. saliva, a known allosteric inhibitor of phosphorylase a dephosphorylation, caused a reduction in PP activity while Lu. longipalpis spp. saliva showed a dosedependent increase in PP activity of the macrophage/saliva mixtures. Since PPs are heat-labile and AMP is stable to boiling, we used preboiled saliva for some of the assays and noted a decrease in the overall PP activity of the macrophage/saliva mixtures (Figure 1) .
Like macrophages, Leishmania promastigote cytosolic fraction PP activity was also inhibited by boiled Phlebotomus spp. saliva, while boiled Lu. longipalpis saliva had no significant effect (Figure 2) .
Characterization of salivary PP activity. Salivary PP activity was determined using a kit designed specifically for the purpose. Reaction buffer contained 100 M EDTA and no Ca 2ϩ or Mg 2ϩ . The PP activity was inhibited by okadaic acid and calyculine a in a dose-dependent manner ( Figure  3 ), but was unaffected by the addition of 5 mM Ca 2ϩ or Mg 2ϩ , indicating a lack of PP2B/2C-like activity. Secretion of salivary PP activity. To verify that the endogenous PP activity was indeed in the saliva itself and not a contaminant from the cellular lining of the glands, we compared PP activity in glands of flies that had just completed a blood meal with glands of unfed flies. Results clearly show that PP activity was secreted with saliva during blood feeding and was significantly reduced in glands of fed flies (Figure 4) . Down-regulation of iNOS expression by Ph. papatasi saliva and adenosine. We conducted semi-quantitative RT-PCR assays to assess the expression of the iNOS gene in LPS-activated murine macrophages in the presence of Ph. papatasi saliva, adenosine, and AMP. While adenosine caused appreciable inhibition at the concentrations found in salivary glands, AMP produced detectable inhibition only at much higher concentrations. Salivary gland lysates downregulated iNOS expression slightly less potently than expected based on adenosine contents alone ( Figure 5 ). 17 Inhibition of NO synthesis by Ph. papatasi saliva. Measurements of nitrite concentration that accumulated in activated macrophage culture supernatants confirmed that Ph. papatasi salivary gland lysate (equivalent to 2 glands/ml) inhibited NO production while Lu. longipalpis saliva from 2 different sibling species did not ( Figure 6 ).
DISCUSSION
Endogenous PP activity was recorded in all of the saliva types tested. Saliva from Lu. longipalpis, New World vectors of leishmaniasis, exhibited consistently high levels of PP activity while Phlebotomus spp., Old World vectors of leishmaniasis, displayed generally lower PP activity. The AMP in Ph. papatasi saliva was shown to inhibit phosphorylase a dephosphorylation. Therefore, we assume that generally lower PP activities in other Phlebotomus spp. reflect the allosteric inhibition of phosphorylase a dephosphorylation caused by AMP. 17 Salivary phosphatases are not uncommon in hematophagous arthropod saliva. Different phosphatases have been described in larval and adult stages of mosquitoes and flies while PP1/2A activity in tick saliva was postulated to regulate the secretion of salivary proteins. 30, 31 In a previous publication, we attributed the inhibition of the iNOS gene to a putative Ph. papatasi salivary PP inhibitor. 27 We later showed that observed PP inhibition was in fact caused by salivary AMP that allosterically inhibits phosphorylase a dephosphorylation. 17 Here we demonstrate that the factor responsible for inhibiting the expression of the iNOS gene is probably salivary adenosine. In our RT-PCRs, 1 M adenosine and Ph. papatasi saliva containing a comparable concentration of adenosine reduced the expression of the iNOS gene by 30-40% ( Figure 5 ). Phlebotomus papatasi saliva also inhibited the production of NO in murine macrophages but Lu. longipalpis saliva, which lacks adenosine, did not. Adenosine, a purine nucleoside, is released from a variety of cells in response to metabolic stress and occupies different subtypes of receptors on target cells. 18 Extracellular adenosine reduces polymorphonuclear cell recruitment and generally suppresses inflammatory responses. 18 It also downregulates cytokine (e.g., tumor necrosis factor-␣) and NO production by LPS-activated macrophages. 20, 22 Thus, adenosine, perhaps in combination with other salivary compounds, may facilitate the early establishment of Leishmania parasites in the skin of the vertebrate host.
